Introduction
Their comparatively low oxophilicity has made late transitionmetals attractive candidates in the search for single site catalyst for olefin polymerization [1] [2] [3] 45] that are highly reactive but also tolerant toward polar functional groups and ubiquitous impurities such as water. [4] [5] [6] Neutral alkyl complexes of Ni stabilized by j 2 -O,N-salicylaldiminato ligands are of particular interest in this context in light of their remarkable functional group tolerance. [7] Particular members of this family of compounds were shown to polymerize 1-olefins in aqueous media to produce surfactant stabilized high-molecular weight polyolefin latices. [8] [9] [10] Contrasting this outstanding performance, these compounds fail to mediate the insertion polymerization of commercially relevant monomers such as methyl acrylate (MA) and vinyl acetate (VA). [11] In the context of a mechanistic study of the putative Ni species relevant in the polymerization of functional group containing monomers, the reactivity of the precursor complex [(N,O) Ni (H) (PMe 3 )] 1 (N,O ¼ j 2 -N,O-{2,6-(3,5-(F 3 C) 2 C 6 H 3 ) 2 C 6 H 3 )-N¼ ¼C(H)-3,5-I 2 -2-O-C 6 H 2 }, see Fig. 1 ) was studied toward MA and VA. [12] These studies concluded that Fig. 3 ). Solution structural assignments of 4, 5, and 6 were additionally in good agreement with geometry optimizations using density functional theory (DFT).
We will report here on 13 C NMR chemical shift calculations to further validate the structures of the 2,1-insertation products proposed in Berkefeld et al. [12] These studies were motivated since experimentally observed chemical shifts show unusual values and remarkable variance despite the chemical similarity of the complexes: (1) A significant shift of the carbonyl resonance by 15 ppm to lower field (186 ppm) is seen in both complexes. This was reasoned by an interaction between Ni(II) and the carbonyl oxygen atom resulting in the formation of 4-and 5-membered chelate species in 4 and 6, respectively. Structurally related examples of Ni and Pd alkyl chelate complexes are well known and fully characterized. [13, 14] (2) For the carbon atoms directly bound to Ni(II) 13 C NMR resonances at 4.4 and 96 ppm were measured in 4 and 6, respectively. The calculations performed here reproduce these results in part but also show the extreme influence of small structural changes on the calculated NMR chemical shift values.
Materials and Methods
Our new work is based on the previous reported geometry optimization. [12] Thus, we will first give a short summary of these. Then, our new calculations will be described.
Crystallographic data of the complex [(N,O) Ni (Cl) (PMe 3 )] were used to model the complexes 4, 5, and 6. These were then first optimized with the MMþ force field using the Hyperchem software. [15] Stable structures were identified by geometry scans calculating stationary points on the potential energy surface for Ni O carbonyl distances between 3.8 and 2.2 Å for 4 and between 4.8 and 1.9 Å for 6 in steps of 0.1 Å . In the case of 5, distances between 5.5 and 2.2 Å with a step size of 0.2 Å were used. To localize the true optima, free geometry optimizations were started from the minima in the scans without restraints on the Ni O distance. All these calculations were performed using DFT with the BP86 functional and the LACVP* basis set with the Jaguar program package.
[16] For 4, a distance of 3.1 Å was found slightly below the sum of the van-der-Waals radii of Ni and oxygen (3.15 Å ). For compound 5, the product of migratory 1,2-insertion of VA, two minima are found at 2.8 and 4.9 Å with the latter minimum having the lower energy. In the 2-1-insertion complex 6, the only minimum is located at 2.8 Å well below the sum of the van-derWaals radii.
Here, we present new theoretical investigations based on 13 C chemical shift and natural bond orbital (NBO) calculations with the Gaussian03 program package [17] focusing on the two 2,1-insertion products 4 and 6. DFT with the BP86 [18] as well as the B3LYP [19, 20] functionals was chosen as level of theory. The 6 00 31g(d) [21, 22] as well as the 6 00 311g(d) [23, 24] basis set (for all atoms except Ni(II)) were used if not stated otherwise. Solvent and finite-temperature effects were neglected. Because of the differences in the programs (Jaguar and Gaussian03) as well as the theories and basis sets used, the structures taken from the previous study were once again geometry optimized and vibrational frequencies were calculated to verify that stable minimum structures were reached. The resulting conformations were then taken for the 13 C NMR chemical shift calculations based on the Gauge Including Atomic Orbital method. [25] [26] [27] [28] [29] Besides the calculations on these locally optimized structures, some geometric features were varied by relaxed potential energy scans to see their influence on the chemical shifts.
NBO calculations were performed to study the extremely different chemical shift values of corresponding nuclei in the two complexes. NBO version 5.0 [30] was applied in all calculations. Since such analyses are very complicated and hardly interpretable for large systems, smaller parts cut out of the complete complexes were taken. This way, decomposition of the many-electron molecular wave function into localized electron-pair bonding and lone-pair units allowed to quantify the electron displacement between different parts of the molecules explaining the different electron density and orbital contributions at the nuclear positions resulting in the chemical shift variation. Because of their relatively small sizes, Møller-Plesset second-order perturbation theory (MP2) [31] [32] [33] [34] [35] calculations were performed on these fragments to corroborate the DFT results.
Results and Discussions
Starting from the structures proposed by Berkefeld et al. [12] when changing the distance between Ni and O carbonyl , the complexes were again energetically minimized using four different functional/basis set combinations as described above. The most relevant geometrical features of the optimized complex structures are given in Tables 1 and 2 . These structures will be called optimized starting structure in the following. Most of the values show only minor variation with respect to the functional/basis set used and are comparable to the one published before. Only the Ni O carbonyl (atom no. 1 and 6 in Fig. 3 ) distance in 6 increases from 2.8 to 3.0 Å when using the larger basis set. This seems to be a large disagreement between the smaller and larger basis set. But the minimum in this complex is shallow with respect to the Ni O distance as shown in the distance scans, [12] so that here small changes in energy can lead to large structural changes and the 0.2 Å have to be considered well within the error bar of the theoretical method. Additionally, the larger basis set predicts the distance still to be smaller than the sum of the van-der-Waals radii even if not that pronounced. Thus, the circumstantial evidence from the NMR data that there is an interaction between Ni and the carboxyl group leading to a five-fold coordination of Ni is still supported. One additional argument for the Ni O interaction was the 13 C NMR chemical shift of the carbonyl carbon, which is shifted to lower field by 17.5 and 18 ppm in 4 and 6 compared to the free substrates, respectively. Even if a perturbation of the chemical shift is expected due to the alkyl binding to the metal, the size of the perturbation suggests a direct contact of the carboxyl moiety with the Ni. To prove this assumption theoretically, NMR chemical shift calculations were performed. The
13
C chemical shifts obtained for 4 with the B3LYP functional, [19, 20] the 6-31g(d) [22] basis set for Ni, and the 6-311g(d) [23, 24] basis set for all other atoms (parameters for iodine were obtained from the basis set exchange server [36, 37] ) are given in the supporting information (see Supporting Information Table S1 ). These calculations uncover a major discrepancy between theory and experiment for carbon atoms directly bound to the iodine. It is known from the literature that the influence of heavy elements on the chemical shift is difficult to predict. [38, 39] For such a heavy nucleus relativistic effects already play a nonnegligible role. The use of effectivecore potentials did not lead to an improvement (data not shown). Since good agreement for these carbons could not be achieved (inclusion of relativistic effects would lead to an unreasonable computational demand), we decided to replace the iodine by chlorine in all following calculations. In this way, we will still treat the electrostatic longrange influence of the halogenide in an approximate way but with a significant reduction in computer time.
The overall good agreement between experiment and calculation of the remaining nuclei (neglecting the carbon atoms bound to the halogenide) verifies that the geometries of the complexes obtained from the energy optimization are reasonable (see Supporting Information Table S1 as well as  Tables 3 and 4 for the most important findings). Due to its slightly better performance, we will limit the discussion to the B3LYP functional and the 6-311g(d) basis set in the following. The corresponding atoms are printed in italics and the atom numbers according to Figure  2 are given in brackets. For comparison, the values from Berkefeld et al. [12] are also listed. Table 2 . Distances from Ni(II) to the atoms of the a acetoxy ethyl ligand in 6: The corresponding atoms are printed in italics and the atom numbers according to Figure 3 are given in brackets. For comparison, the values from Berkefeld et al. [12] are also listed. Table S2 ). This demonstrates that weakening the Ni O interaction does not have an influence on the chemical shifts. The next possibility is that the chemical shift perturbation results from a direct ' 'through-space' ' interaction between Ni and C carbonyl . To test this, the distance between these two atoms was reduced in 6 (from the optimized value of 3.268 to 2.568 Å in 0.1 Å increments) by fixing the distance at the corresponding value and optimizing all other degrees of freedom (relaxed potential energy scan). This led to an steady increase of the C carbonyl NMR chemical shift from 176.7 to 184.1 ppm almost reaching the experimental value of 186.4 ppm (see also Supporting Information Table S4 ). At the same time, the distance between O carbonyl and Ni shortens, so that similar effects can be obtained by artificially decreasing this distance (data not shown). Finally, the bond between the PMe 3 group and Ni is weakened as a result of the approaching carbonyl group resulting in a somewhat longer P Ni distance (2.268 Å compared to 2.243 Å in the optimized starting structure). It should be kept in mind that all our calculations are performed in vacuo. Solvent effects may also account for a weakening and a strengthening of the PMe 3 and C carbonyl coordination, respectively. Concluding these findings, the reasons for the low-field shift of the C carbonyl NMR chemical shift in the 6 can, in our opinion, still be seen in the interaction between O carbonyl and Ni. Even if the perturbation is most likely caused by the direct influence of Ni and not mediated through the oxygen, the short distance between Ni and C carbonyl is a result of the Ni O interaction. As just mentioned, the Ni PMe 3 interaction becomes weaker if the Ni O bond is shortened. Thus, it is interesting if the same behavior can also be achieved by not strengthen the Ni O but weakening of the Ni P bond. A relaxed potential energy surface scan was performed for 6, in which the length of the Ni P bond was increased from 2.238 to 2.938 Å again in 0.1 Å increments. In the first few steps of this scan, the Ni C and Ni O distance only shortens slightly. This is accompanied also by a minor change in the C carbonyl NMR chemical shift to 179.0 ppm at a Ni P distance of 2.738 Å (see Supporting Information Table S5 ). In this structure, the Ni O distance (2.739 Å ) is approximately the same as the Ni P distance. In the following step, the geometry of the complex changes drastically. Especially, the Ni O distance is reduced to 1.954 Å and O carbonyl is now occupying the fourth position of the quadratic-planar arrangement around the Ni ion previously filled by the PMe 3 group (see Fig. 4 ). This shows that it is favorable for the a-acetoxy ethyl ligand to act as a chelate ligand building a fivemembered ring. In vacuo, the abstraction of the PMe 3 group is associated with a high-energy barrier. But in the real system, the solvents will facilitate this process and rearrangement of the ligand shell around the Ni ion is more likely to occur. One can speculate that the rearrangement could result in a different coordination sphere having the phosphine in the fifth nonplanar coordination position. This is supported by the chemical shift of C carbonyl , which jumps to 187.5 ppm during ring formation being almost identical to the experimental value. To simulate the rebinding, the first structure of the energy scan showing the five-membered ring (Fig. 4) was optimized again without any constraints. This did not result in a rebinding of the phosphine but in a further increase in the Ni P distance from 2.838 to 4.126 Å (Fig. 4) . Therefore, the rebinding is associated with a reaction barrier and had to be modeled by an additional relaxed potential energy scan, in which the Ni P distance was reduced to the length in the optimized starting structure (the one resulting from the reoptimization of the structures of the Berkefeld et al. publication [12] ) of 2.238 Å .
The geometry of the end conformation was exactly the same as in the optimized starting structure having the PMe 3 group as one ligand of the quadratic-planar arrangement around the Ni ion (Fig. 4) , which demonstrates, in contrast to the speculation suggested above, that only the original coordination sphere is energetically accessible and that the low-field shifted NMR chemical shift of C carbonyl cannot be explained by the rearrangement of the coordination sphere. Nevertheless, due to solvent effects not included in the calculations such a rearrangement might still be possible at least as a transient complex conformation. The equivalent studies of 4 did not lead to the square planar arrangement with two coordination sites filled by the (N,O) ligand and the other two by the a-methoxycarbonyl ethyl ligand (C 1 and O carboyl ) even if the Ni P distance is increased to 2.942 Å (Fig. 5 and Supporting Information Table   S3 ). Nevertheless, the Ni O distance is significantly shortened (from 3.095 Å in the optimized starting structure to 2.750 Å ) indicating a strengthening of this interaction. Only if the phosphine is totally abstracted the chelate structure forms resulting in ring closure and the square planar orientation of the four ligands is formed. This late formation of the four-membered ring can be explained by the stronger conformational strain compared to the five-membered ring. These interactions Figure 4 . Structures resulting from the relaxed potential energy scans of 6, in which the NiAP bond length is stepwise increased (release scan) and decreased (rebinding scan), respectively. The distances from Ni to O carbonyl as well as to the directly bound carbon atom are shown in green. The chemical shift of C carbonyl and of the directly bound carbon atom are given in red and blue, respectively. For clarity, the (N,O) ligand is removed and only the coordi nating N and O atoms are shown in the presentation. Left: optimized starting structure, which is indistinguishable from the end structure of the rebinding scan. Middle: first structure of release scan, in which the five membered ring is formed. Right: end structure of unconstrained optimization starting from structure shown in the middle [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] between Ni and O carbonyl might reduce the catalytic activity of the Ni(II) complex by a combination of electronic and steric effects as proposed by Berkefeld et al. [12] Even if O carbonyl is a weaker ligand than PMe 3 it is hindering the incorporation of a new monomer in this way contributing to the fact that the deactivation of the catalytic species is the dominant reaction path.
Coordinating carbon
The second region with remarkable effects of the complex formation on the NMR chemical shifts are the carbon atoms directly bound to Ni(II). For these atoms, chemical shifts of 4.4 and 96 ppm are detected in 4 and 6, respectively (see Tables  3 and 4) . These large differences become even more prominent if one compares these values with the chemical shifts in methyl propionate and ethyl acetate, which are the corresponding molecules if the metal fragment is replaced by a single hydrogen to analyze the influence of the metal. On the one hand, large changes are observed, which is not unexpected due to the perturbation of the electron density of the ligated atom caused by Ni(II). But, on the other hand, the chemical shifts change in opposite direction in these two complexes. While for 4 the chemical shift is shifted to higher field from 27.5 [12] to 4.4 ppm, for 6 it is strongly down-field shifted from 60.4 [12] to 96.0 ppm. The calculations reproduce the lowfield shifted value of 6 perfectly. For 4, the chemical shift is predicted as too large as shown in Table 3 . To understand this behavior, NBO calculations were performed. Even though these give a very intuitive representation of the electron displacements in a molecule, they are difficult to analyze for large molecules. Therefore, different fragments of each complex were generated by removing parts of the terphenylamine moiety of the (N,O) ligand (see Supporting Information Figs. S1 and S2). For both complexes, the fragments, in which the two (F 3 C) 2 C 6 H 3 substituents have been cut off (fragment 2, see Supporting Information Tables S5 and S6 and Fig. 6 ), were used for the further analysis since it is the smallest fragment still showing approximately the same geometrical arrangement as the full complex. Nevertheless, one should keep in mind that truncating a system may have detrimental influence on the results [46, 47] and we, therefore, limit our discussion to a qualitative interpretation. Beside the transformation of the molecular orbitals into localized orbitals, NBO also describes the electron distribution in these orbitals, that is, from which orbital electrons are transferred to other orbitals due to polarization effects in the molecule. The directions of the main electron displacements are shown in Figure 6 . In 4, the main electron shift is directed from the a-methoxycarbonyl ethyl ligand towards the region around the Ni ion. Thus, the electron density at Ni, and in this way also at the carbon, is increased due to this þI effect in 4 which results in the high-field perturbation (lower ppm value) of the 13 C chemical shift. This increased electron density is probably also a reason for the higher hydrolysis-sensitivity of 4 compared to other Ni-alkyl complexes, which are surprisingly resistant toward hydrolysis. [6] For the other complex, the electron transfer is exactly in the opposite direction from Ni(II) to C carbonyl and further on to the methyl group. Thus, the electron density is reduced around the Ni C bond, the nuclei are not so strongly shielded, and the 13 C resonance is observed at a lower field (high ppm values). Thus, the different influence of the Ni ion on the NMR chemical shift in 4 and 6 are reasonable described by the DFT calculations and can be explained by the different electronic polarizations in the two complexes.
Only the over 20 ppm deviation between the computational and experimental value for the carbon directly bound to the Ni(II) of 4 is unsatisfying. Since additionally performed Møller-Plesset second-order perturbation theory (MP2) calculations on the fragment gave no significant improvements (see Supporting Information Fig. S3 and Table S8 for MP2 results on fragment 1), it seems that other effects than the level of theory, for example, polarization by the solvents, additional binding of solvent molecules (first shell solvent effects), and structural differences between the fragments and the full complex, have a much larger influence on the calculated chemical shifts causing the discrepancy between experiment and calculations. Additionally, one should keep in mind that NMR chemical shifts are properties of a thermodynamic ensemble at finite temperature and not of a single optimal structure. All these effect cannot be considered in the calculations with acceptable computational demand and, thus, no further investigations were performed.
Conclusions
Our DFT-based results are able to reproduce the correct trends of the 13 C NMR chemical shifts for Ni(II) complexes used as catalysts in olefin polymerization and to verify the structures proposed previously. [12] Nevertheless, they also show that the accurate calculation of the chemical shifts is not straight forward and that probably higher levels of theory combined with larger basis sets and inclusion of solvent effects (and relativistic effects) are needed to get an accuracy of less than 5 ppm for all carbons. [38] [39] [40] [41] [42] [43] [44] But even the qualitative description is very helpful to understand the electronic effects resulting from structural variations. Two such effects were analyzed in detail:
(1) The low-field shift of the C carbonyl results from its close proximity to the Ni ion. Even if this short distance is enforced already by the first coordination of C 2 in 4, an interaction between O carbonyl and Ni is needed in 6 to bring C carbonyl close to Ni. It is very likely and also confirmed by the previous [12] and our new calculations, that such an interaction is also present in 4 being a reason for the reduced reactivity. (2) The large difference in the chemical shifts of the carbon atoms directly coordinated to Ni could be explained by electron pushing and pulling effects on 4 and 6, respectively. Thus, these chemical shifts can be used as very sensitive probe for the electrostatic properties around the Ni ion.
